In plants and mammals, DNA methylation is a hallmark of transposable element (TE) 15 sequences that contributes to their epigenetic silencing. In contrast, histone H3 lysine 27 16 trimethylation (H3K27me3), which is deposited by the Polycomb Repressive Complex 2 17 (PRC2), is a hallmark of repressed genes. Nevertheless, there is a growing body of evidence for 18 a functional interplay between these pathways. In particular, many TE sequences acquire 19
Introduction 36 37 DNA methylation is an epigenetic mark involved in the stable silencing of transposable 38 elements (TEs) as well as the regulation of gene expression in plants and mammals. When 39 present over TE sequences, it is usually associated with the di-or trimethylation of histone H3 40 lysine 9 (H3K9me2/H3K9me3) and, in plants, positive feedback loops between the two marks 41 exist, which maintain TE sequences in the heterochromatic state (Johnson et al, 2002; Du et al, 42 2015) . In A. thaliana, DOMAINS REARRANGED METHYLASE 2 (DRM2) establishes DNA 43 methylation in all three sequences contexts (i.e. CG, CHG and CHH) in a pathway referred to 44 as RNA-directed DNA methylation (RdDM) that involves small RNAs 45 Chan, 2004) . Maintenance of DNA methylation over TEs is achieved by the combined and 46 context-specific action of RdDM (CHH methylation), CHROMOMETHYLASES 2 and 3 47 (CMT2 and CMT3, for CHH and CHG methylation, respectively) (Zemach et al, 2013; Stroud 48 et al, 2014) and METHYLTRANSFERASE1 (MET1) (CG methylation) (Kankel et al, 2003) . 49
In addition, the SNF2 family chromatin remodeler DECREASE IN DNA METHYLATION 1 50 (DDM1) is necessary for DNA methylation of most TE sequences in all cytosine sequence 51 contexts. 52
In contrast to DNA methylation, histone H3 lysine 27 trimethylation (H3K27me3), which is 53 targeted by the highly conserved Polycomb Group (PcG) proteins, in particular Polycomb 54 Consistent with this notion, subsequent work in mammals showed that H3K27me3 re-69 established the repression of thousands of hypomethylated TEs in embryonic stem cells 70 subjected to rapid and extensive DNA demethylation (Walter et al, 2016) . 71
In a previous study, we provided evidence supporting a role of PcG in the transcriptional 72 silencing of EVD (Zervudacki et al, 2018) , an A. thaliana retroelement of the ATCOPIA93 73 family that is tightly controlled by DNA methylation and which transposes in plants mutated 74 for the chromatin remodeler DDM1 (Tsukahara et al, 2009 ). We observed that silencing of EVD 75 is dependent on both DNA methylation and H3K27me3, which, at this locus, depends on the 76 SET-domain protein CURLY LEAF (CLF) (Zervudacki et al., 2018) . Whether the dual control 77 observed at EVD is also present at other plant TEs is unknown. 78
In the present work, we integrated genetics, epigenomics and cell imaging to show that 79 numerous TEs gain H3K27me3 in response to ddm1-induced loss of DNA methylation. We 80 demonstrate also that this gain is mediated by CLF, with no role for the SET-domain H3K27 81 methyltransferase SWINGER (SWN), which is also active in vegetative tissues and otherwise 82 partially redundant with CLF (Chanvivattana et al, 2004; Wang et al, 2016; Yang et al, 2017) . 83
Unexpectedly, the combination of ddm1 and clf mutations was not associated with further 84 reactivation of TE expression or transposition as compared to ddm1, except for EVD. Instead 85 there was partial recompaction of heterochromatin in the double mutant. Accordingly, we also 86 observed DNA hypermethylation in ddm1 clf versus ddm1, prominently in linker DNA, 87 indicating that in the absence of DDM1 activity, H3K27me3 antagonizes DNA methylation and 88 heterochromatin formation. 89 90
Hundreds of hypomethylated TEs gain H3K27me3 in ddm1 91
We previously showed that in met1 mutants impaired for CG methylation, hundreds of TEs 92 gain H3K27me3 methylation in Arabidopsis (Deleris et al, 2012) . While met1 and ddm1 93 mutants are both globally hypomethylated, the later, in contrast to the former, affects almost 94 exclusively TE and other repeat sequences, and in the three sequence contexts. Thus, the ddm1 95 mutant appeared to be a more relevant background to directly explore the interplay between 96 DNA methylation and Polycomb at TE sequences and we conducted a H3K27me3 ChIP-seq 97 experiment in this mutant. Like in met1, hundreds of TEs showed increased accumulation of 98 H3K27me3 in ddm1 (Figure 1A-C) . A stringent subset of 672 TEs showed no H3K27me3 99
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The gain of H3K7me3 over hypomethylated TEs depends on CLF 116
To test whether CLF is required for the gain of H3K7me3 over TEs we performed a second set 117 of ChIP-seq experiments in ddm1 clf. Because total levels of H3K27me3 are strongly reduced 118 in both clf and ddm1 clf mutants (Figure supplement 2A) compared to wild-type, we spiked-119 in exogenous Drosophila chromatin in the chromatin extracts for normalization (Orlando et al, 120 2014 ). Levels of H3K27me3 at genes were similar between ddm1 clf and clf mutant ( Figure  121 supplement 2B), consistent with DDM1 affecting TE and other repeat sequences specifically 122 (Lippman et al, 2004) . Conversely, the gain of H3K27me3 observed over TEs in ddm1 was 123 completely abolished in ddm1 clf (Figure 2A-C) . Together, these results show that deposition 124 of H3K27me3 at most TEs in ddm1 is fully dependent on CLF. This is in contrast with the well-125 established, partial dependency of H3K27me3 deposition at genes on CLF (Wang et al, 2016; 126 Yang et al, 2017), which has been proposed to be due to a specialization of this factor in 127 mediating amplification and spreading of H3K27me3 marks after their establishment by SWN 128 (Yang et al, 2017) . Thus, at least over ddm1-dependent hypomethylated TEs, CLF is required 129 for the nucleation, and perhaps, additionally, spreading of H3K27me3. 130 131 TE activation in ddm1 is partially suppressed in ddm1 clf 132
We previously described the phenotype of ddm1 clf plants at the rosette stage (4.5 weeks-old). 133
By observing the plants at the seedling stage (15 days-old), we could observe additional 134 phenotypes in two out of three independent ddm1 clf lines (chlorosis in one line, growth arrest 135 in another) that segregated 1:3 and thus evoked the segregation of recessive mutations ( 3A). We previously showed that there is an enhanced accumulation of ATCOPIA93 mRNAs in 137 ddm1 clf double mutant as compared to ddm1 (Zervudacki et al., 2018), thus we hypothesized 138 that these segregating phenotypes were caused by the transposition of TEs activated in ddm1 139
clf. 140
To test whether ATCOPIA93 activity is increased and whether additional copies of this TE 141 family accumulate in ddm1 clf, we performed Southern blot analysis ( Figure 3B ) using a probe 142 specific of ATCOPIA93 EVD/ATR (ATR is an almost identical copy of EVD). In the wild-type 143 as well as the ddm1 and clf single mutants, we could only observe one copy of EVD and ATR. 144
By contrast, we observed linear extrachromosomal DNA in all the ddm1 clf double mutant lines 145 tested (progenies of individual F2), consistent with previous results (Zervudacki et al, 2018) . 146
In addition, in two out of three double mutant lines, we detected numerous additional bands 147 corresponding to EVD/ATR new insertions (Figure 3B) , indicating that transposition occurs in 148 the double mutant, although to various extents which may reflect different dynamics of 149 mobilization following the initial event (Quadrana et al, 2019) . Pyrosequencing performed on 150 the mutants showed that ATCOPIA93 DNA (extrachromosomal and integrated) was mostly 151 contributed by EVD (Figure 3C) . Thus, DNA methylation and H3K27me3 act in synergy to 152 negatively control EVD activity and prevent its transposition, in accordance with the dual 153 control they exert on its transcription (Zervudacki et al, 2018) . To test whether more TEs are 154 activated in ddm1 clf, we performed TE-sequence capture (Quadrana et al, 2016) , which 155 enables sensitive detection of new TE insertions at the genome wide-level, in about 100 156 seedlings of wild-type, ddm1 (2nd generation inbred mutants) and ddm1 clf (F3 progenies). No 157 new insertions were detected for any of the 250 TEs tested in this manner, except for EVD, 158 which had accumulated more copies in ddm1 clf than in ddm1 (Figure 3D ), although this 159 difference was not statistically significant in average -this was presumably because the ddm1 160 clf line (#1), where only ecDNA accumulates, was included in the experiment along lines #2 161 and #3 (Figure supplement 3A) . 162
To investigate further the relationship between H3K27me3 and TE silencing, we performed 163 RNA-seq experiments in three and four biological replicates of ddm1 and ddm1 clf, 164 respectively. In all ddm1, about a thousand TEs (929) were upregulated, the large majority of 165 which (865) did not show a significant gain of H3K27me3 marks in this background. We found 166 that a similar (ddm1 clf-BR3/4) or even lower (ddm1 clf-BR1/2) number of TEs were 167 transcriptionally active in ddm1 clf compared to ddm1 (Figure 3E) in keeping with the lack of 168 enhanced transposition in ddm1 clf. Moreover, among the 1957 TEs that lose H3K27me3 in 169 ddm1 clf, we found only 14 TEs that were upregulated in all ddm1 clf lines versus ddm1 (Figure 170 
Class I Class II TEs upregulated in ddm1 clf-BR1 To understand the mechanisms underlying the antagonism between DNA methylation and 178 CLF-dependent H3K27me3 deposition, we performed cytogenetic analyses on nuclei from 179 single and double mutants for DDM1 and CLF. Chromocenters formation and DNA compaction 180 were unchanged in clf but strongly impacted in ddm1 as previously published (Soppe et al, 181 2002) . By contrast, they were only partially affected in the double mutant, indicating that 182
H3K27me3 loss induces chromatin recompaction specifically in the ddm1 background ( Figure  183 4A). In addition, immunofluorescence experiments showed that this chromatin recompaction 184 was associated with the recovery of H3K9me2 distribution (Figure 4B) . 185
In order to assess whether chromatin recompaction associates with DNA methylation gain, we 186 compared the DNA methylomes of ddm1 and ddm1 clf mutant plants. Consistent with the 187 cytogenetic analyses, hundreds of loci exhibited higher DNA methylation in all three sequence 188 contexts in ddm1 clf compared to ddm1 (Figure 5A) , with gains being most pronounced at 189 CHH sites and variable from one line to the other (Figure 5B) . Furthermore, TEs with increased 190 CG methylation in ddm1 clf versus ddm1 were slightly but statistically significantly less 191 expressed compared to those that did not show such an increase in this mutant background 192 (Figure supplement 5A) . 193
To test whether H3K27me3 antagonizes ddm1-induced DNA methylation loss in cis, we 194 searched for differential methylated regions (DMRs) using non-overlapping 100bp windows. 195
There were few hyper DMRs and these tended to be inconsistent across replicates, suggesting 196 that they were the result of stochastic variation of DNA methylation (Becker et al, 2011). 197 Moreover, TEs showing clear DNA methylation gain in ddm1 clf compared to ddm1 (Figure  198 5A) were not identified by our DMR detection. Visual inspection of these DNA 199 hypermethylated TEs revealed that increased DNA methylation was in fact confined to short 200 sequences (~20bp), typically separated by ~140 bp (Figure supplement 5B) . Indeed, we 201 identified 1208 TE-specific short (20bp) sequences with higher CG methylation in ddm1 clf 202 compared to ddm1. These small-size hyper-DMRs were distributed over 759 TEs, most of 203 which (N= 571) are pericentromeric, and they were associated with a reduction of H3K27me3 levels (Figure 5C , H3K27me3 profiles centered on CG-DMRs), consistent with an antagonism 205 between H3K27me3 and DNA methylation. Among these 759 TEs hypermethylated in ddm1 206 clf compared to ddm1, 61 showed a significant gain of H3K27me3 in ddm1: this is a significant 207 3.8 representation factor enrichment (p<3.644e -19 ) compared to the number of TEs in the 208 genome that would be both CG-hypermethylated (in ddm1 clf) and H3K27me3-marked (in 209 ddm1) by chance. This observation suggests that there is a direct antagonism between 210
H3K27me3 marks in ddm1 and DNA methylation gains in ddm1 clf, at least at a subset of 211 pericentromeric TEs. However, we do not exclude an additional and/or alternative indirect 212 antagonism mediated for instance by H3K27me3-dependent chromatin decompaction. 213
Finally, the ~140 bp distance between DMRs at discrete loci -which is roughly the size of 214 nucleosomal DNA-prompted us to test whether DNA hypermethylation in ddm1 clf versus 215 ddm1 occurred preferentially between nucleosomes. Analysis of publicly available MNase data 216 obtained for ddm1 (Lyons & Zilberman, 2017) indicated that the periodic DNA 217 hypermethylation in ddm1 clf associate with linker DNA (Figure 5C) , consistent with in vitro 218 and in vivo data showing that inter-nucleosomal DNA is more accessible to DNA 219 methyltransferases than DNA bound to the nucleosome core particle (Lyons & Zilberman, 220 2017). These findings suggest therefore that CLF-dependent H3K27me3 marks limit the 221 accessibility of DNA methyltransferases to linker DNA. 222 223 224
Discussion 225
In this study, we have shown that hundreds of TEs gain H3K27me3 when hypomethylated by 226 ddm1. This phenomenon has two important mechanistic implications, the first one being that 227 DNA methylation can globally exclude H3K27me3. We and others previously showed that loss 228 of DNA methylation induced by another hypomethylation mutant, met1, rather than loss of 229 However, another commonality between met1 and ddm1 mutants is the decompaction of their 231 DNA, which could also contribute to favor the access of PRC2 to chromatin, a possibility that 232 could be further investigated by identifying and using genetic backgrounds impaired for 233 chromatin compaction but not DNA methylation. The second mechanistic implication of our 234 observations is that PRC2 can be recruited to TEs. Here, we have characterized the transposons 235 marked by H3K27me3 in ddm1 and found some motifs recently described in the genic targets 236 of PRC2 and functionally involved in the recruitment of this complex at genes (Xiao et al, 237 2017 PcG targets as it is the case for EVD (Zervudacki et al., 2018) , the presence of these motifs as 239 well as the localization of many TEs far away from any H3K27me3 domain, suggests a 240 sequence-based, instructive mode of cis-recruitment for PRC2. Alternatively, this recruitment 241 could also be promoted by the enrichment of H2A.Z over demethylated TEs (Zilberman et al, 242 2008) since a mechanistic link was found between H2A.Z and H3K27me3 (Carter et al, 2018) . 243
These non mutually exclusive scenarios will deserve future investigation. heterochromatin domains is not compensatory for gene silencing upon loss of H3K9 255 methylation (or its reader HP1) but rather leads to growth defects and altered sensitivity to 256 genotoxic agents (Basenko et al, 2015) . In our study, in ddm1 clf, the loss of H3K27me3 did 257 not enhance the number of ddm1-activated TEs. Instead, molecular phenotypes of partial ddm1 258 suppression were observed: same or lesser number of activated TEs and partial compaction of 259 DNA compared to ddm1 associated with hypermethylation of the DNA in the three sequence 260 contexts, which presumably results in transcriptional TE silencing. Thus, H3K27me3 appears 261 to antagonize DNA methylation and compaction in a ddm1 background, which is reminiscent 262 of the described role of PcG in promoting hypomethylation of DNA methylation valleys in 263 mammals (Li et al, 2018) . We propose two possible mechanisms for partial hypermethylation 264 of ddm1 clf compared to ddm1 that could be explored in future work. Firstly, it is likely that in 265 ddm1 mutant, like in met1 (Zilberman et al, 2008) , H2AZ is incorporated at TEs. H2AZ is 266 known to be antagonistic to DNA methylation and given that a mutation of CLF leads to loss 267 of H2AZ (Carter et al, 2018) , this may favor the reestablishment of DNA methylation. Plant material and growth condition 309 14 day-old seedlings grown on MS plates and with an 8h light/16h dark photoperiod were used 310 throughout the study except for Southern Blot where analyses were performed on 5-week-old 311 rosette leaves grown in the same conditions. 312 313
Mutant lines 314
We used the ddm1-2 allele (Vongs et al, 1993) and the clf-29 allele (Bouveret et al, 2006) . 315
Double ddm1 clf mutants were generated by crossing the above-mentioned mutants (Zervudacki 316 et al, 2018) . Experiments were performed on F3 progenies using ddm1-2 2 nd generation plants 317 as controls. 318
SDS-PAGE and Western blotting 319
Chromatin-enriched protein fraction was extracted from 10-days-old seedlings as described in 320 Drosophila-derived reads in the input. Genomic regions significantly marked by H3K27me3 364 were identify using MACS2 (Zhang et al, 2008) and genes or TEs overlapping these regions 365 were obtained using bedtools (Quinlan & Hall, 2010) . The number of reads over marked genes 366 or TEs were normalized by applying the normalization factor and differentially marked genes 367 between samples were calculated using DESeq2 (Love et al, 2014) . 368 369 370 371 TE-sequence capture 372 TE sequence capture was performed on around 100 seedlings in all cases except ddm1-clf#23 373 NOchl were only 12 seedlings were recovered. Seedlings were grown in plates under control 374 (long-day) conditions and genomic DNA was extracted using the CTAB method (Murray & 375 Thompson, 1980) . Libraries were prepared as previously described (Quadrana et al, 2019) 
